This paper describes studies the longitudinal motion control of unmanned aerial vehicles (UAVs) by using a proportional-integral-derivative (PID) controller, linear-quadraticregulator (LQR) controller, and P-LQR controller. The non-linear model of the motion is changed into a linear model and is implemented in the controllers to elucidate the longitudinal motion of UAVs. The control performance of the aircraft improves when the UAV reaches the desired response instantaneously and precisely. However, the performance of currently available controllers is not ideal, and a 10% improvement in controller performance can lead to a significant effect. Thus, the P-LQR controller is developed. This controller significantly improves the response times of the control system by at least 38.55% compared with other existing controllers. Hence, an alternative longitudinal motion control for UAVs has been proposed. 
Nomenclature v velocity of the UAV (m/s) a angle of attack of the UAV (rad) q pitch rate of the UAV (rad/s) θ pitch angle of the UAV (rad) δ elevator deflection angle (rad)
error at time (rad) A system transition matrix B control distribution matrix C output matrix D feedthrough matrix K optimal feedback gain J quadratic performance index Q positive semi definite matrix R positive definite matrix
INTRODUCTION
Researchers have focused on the development of unmanned aerial vehicle (UAVs) in recent years because of its potential applications, such as surveillance [1] and hazardous environmental monitoring [2] . The remarkable development of UAVs is caused by its high potential in low cost operations, particularly in eliminating risk factors for pilots [2] [3] . However, the unmanned characteristic of UAVs makes these vehicles susceptible to advanced detection techniques [3] . Thus, developing high-performance autonomous flight control systems for UAVs is highly needed. Such systems can be achieved by studying intelligent computational algorithms, such as proportional-integral-derivative (PID), fuzzy logic, neural network, and linear-quadratic-regulator (LQR) [4] to instantaneously stabilize UAV.
The PID controller, which has a simple structure and can be easily implemented with adequate performance, has been successfully applied to the real-time control systems of aircrafts. The PID controller has also been used to improve the response times of systems that have first-or second-order characteristics [5] . The LQR controller has been studied in different types of aircraft systems to control trajectory and mission path and has been effectively applied in vertical flight models [6] . Another wellknown controller is the linear-quadratic-Gaussian (LQG) controller, which combines LQR and Kalman Filter. However, the LQG controller has lower stability margins and slower response times than the LQR controller [7] .
The performance of aircraft control systems will be improved when a UAV is able to reach the desired response instantaneously and precisely. The performance of current available controllers is not ideal, and a 10% improvement in controller performance can lead to a significant effect. Take for example the MQ-9 Reaper, a military UAV, which has a cruise speed for maximum endurance of 170 knots (87.4 m/s) [8] . A 0.1 s improvement in the settling time during pitching of this UAV can shorten the distance for stabilization by 8.7 m.
In this paper, a proposed design controller (P-LQR controller) is designed to engineer the longitudinal motion of UAVs. This controller algorithm are programmed to command the UAV's control actuator to the desired attitude by adjust the control surface deflection [9] [10] [11] . Thus, the improvement in stabilizing speed ensures the UAV survivability especially for low aspect ratio UAVs like Micro Air Vehicles [12] during obstacle avoidance and formation flight [13] . The performance of the designed controller is studied and compared with the PID and LQR controllers by using Simulink in MATLAB. Results show that the designed controller has a better performance than existing controllers.
In the next section, a longitudinal model of a UAV is studied to describe longitudinal motion [4] . The performance indexes in this study are then determined to ensure that the designed control algorithm is within the acceptable range of UAV control responses. Thereafter, the PID, LQR, and P-LQR controllers are briefly explained (Sections 4 to 6). The mathematical model of a UAV is applied in each controller, and the performance of each controller is compared to elucidate the capability of the designed controller.
MATHEMATICAL MODEL OF A UAV
The equation of motion for a UAV can be divided into forward, longitudinal, lateral, and directional movement. In this paper, only longitudinal motion control is considered. The longitudinal model can be obtained by linearizing the equations for steady level flight. The longitudinal model is expressed in the following eqn. 1 according to aerodynamic parameters presented by Mohamad Reza Rahimi Khoygani [4] : (1) The flight velocity remains the same, and the model can be simplified to a freedom short-period model (eqn. 2):
After considering a steering inertial model [4] , the transfer function is defined as in eqn. 3:
The result state matrix can be obtained by using MATLAB as in eqn. 4:
By using the mathematical model, the UAV longitudinal motion control can be studied to illustrate the performances of various flight control methods.
PERFORMANCE INDEXES
Prior to the simulation, the performance indexes and controller design have to be determined to ensure that all parameters obtained by the newly designed controller algorithm is suitable for real aircraft operations. Thus, the response of the system should meet the overshoot requirement of <10% [7] and the control precision should be lower than ±1% [14] . Moreover, the ideal performance for rise time, settling time, overshoot, steady state error, and root mean square error (RMSE) should be close to zero as much as possible. Since the size of MAV can be small as 15cm and fly around 50km/h on average, the expected level of precision should be ±0.001s [12] .
PID CONTROLLER
The PID controller is the most commonly used feedback controller in industrial applications [4] . The controller then attempts to minimize the error value, that is, the difference between the desired value and measured value, by adjusting the input value. The algorithm involves three separate gain parameters, namely, the proportional, integral, and derivative [15] . The equation of the PID controller is expressed as follows [16] (eqn. 5): 
LQR CONTROLLER
Compared with the PID controller, the LQR controller uses a gain controller as feedback to obtain a desired response. The LQR controller is an optimal control technique based on closed loop with output feedback, whereby the output is compared to the set point value [14] . The output is fed back through a controller gain K. Thus, designing a controller gain K is required to obtain the desired response [15] . The optimal control vector for a system with state-space model is expressed as follow [4, 6, 15, 16] (eqn. 6):
To obtain the optimal control signal, a cost function (quadratic performance index) needs to be minimized [4, 6, 16] as shown in eqn. 7 below,
Q and R are determined by engineers who are familiar with control systems [16] . The gain matrix K
J= U = Kx
can be determined in MATLAB by using command lqr (A, B, C, D, Q, and R) [17] [18] . 
P-LQR CONTROLLER
To design a control algorithm that is better than the PID and LQR controllers, the proposed solution is the combination of current controllers. The proposed design involves adding another closed loop as negative feedback in the LQR controller. The closed loop uses the system response as additional system feedback. By adding a gain parameter in the closed loop, this loop will be functioned same as proportional controller. Another gain parameter is needed to balance the desired response due to the additional system feedback. The Simulink model of the P-LQR controller is shown in the following: The addition gain in the close loop is shown as "Gain" while the balancing purpose gain is shown as "Gain1" in the figure. The calculation of the balancing purpose gain can be done by using eqn. 9.
The performance of the designed controller varies according to the percentage of system response used as feedback (Figure 4) . Given that the system response increases when added as negative feedback to the P-LQR controller, the rise time, steady state error, and root mean square error decreases and the overshoot increases. The system response added as negative feedback to the system increases system response time and decreases rise time. The increment of the negative feedback increases the control precision of the system with decreasing steady state errors.
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Volume 7 · Number 2 · 2015 The system reacts faster and more accurately with the P-LQR controller than with other controllers. However, the improvement has resulted to rise in overshoot. The best percentage of response added to the system is chosen within an overshoot of 10% (Figure 4 . Hence, 74% of the response as negative feedback can be used in the P-LQR system.
RESULTS AND DISCUSSIONS
The pitching responses of PID, LQR, and P-LQR controllers are depicted in Figure 5 . A bar chart to illustrate the parameter performance is given in Figure 6 . These figures show that the PID controller has good steady state error and minimal overshoot problem compared with the LQR and P-LQR controllers. However, poor settling time, rise time, and RMSE are the major drawbacks of the PID controller. However, the LQR controller improved all of these parameters with a slight increase in overshoot and steady state error within the acceptable limit. The P-LQR controller outperforms the LQR model in all parameters by almost 44% except for the overshoot of about 8%; all parameters are within the performance limit [7] .
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International Journal of Micro Air Vehicles Tables 1 and 2 represent the values of various parameters for a thorough comparison of performance among the PID, LQR, and P-LQR controllers. The results show that the proposed P-LQR controller has more benefits than the LQR controller or PID controller. Compared with the LQR controller, the P-LQR controller has a rising time reduced by 43.29%, a settling time improved by 38.55%, a steady state error minimized by 44.44%, and a root mean square reduced by 15.96%. The overshoot percentage of P-LQR controller is still below 10%, hence still acceptable. Therefore, the performance of the longitudinal motion control system can be improved by using the P-LQR controller.
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CONCLUSION
The longitudinal motion stability of UAVs has been investigated in this paper. The performances of PID, LQR, and P-LQR controllers have been compared in terms of rising time, settling time, overshoot, steady state error, and RMSE by using Simulink. The results show that the P-LQR controller has better performance in most of the parameters than the other controllers. All parameters of the P-LQR controller are within the acceptable operating limit of real control systems. In our future works, the overshoot encountered by the P-LQR controller will be explored to develop a robust controller.
